The antifungal antibiotic rustmicin was detected in the fermentation broth of the actinomycete MA 7094 as a specific inhibitor of sphingolipid biosynthesis in Candida albicans and as a potent fungicidal agent against Cryptococcus neoformans. Taxonomic characterization by both classical means and PCR fingerprinting supported the assignment of the producing culture to the genus Micromonospora. Fermentation medium optimization studies showed that the concentration of tomato paste in the medium was critical to increased production of rustmicin by MA 7094. The stimulatory effect of tomato paste in the medium on rustmicin production appeared to be related to the maintenance of pH at or below a value of 6.0. Addition of the antifoam agent P-2000 to the fermentation was found to dramatically reduce the rustmicin titer, while substitution of another antifoam agent, UCON-LB625, resulted in a 100% increase in the amount of rustmicin detected. After fermentation optimization studies and the generation of a non-sporulating mutant of MA 7094, the rustmicin titer was increased from an initial titer of 10mg/liter to 145mg/liter.
During the course of screening for novel antimicrobial compounds from natural sources, an antifungal compound was discovered in the fermentation broth of Micromonospora strain MA 7094. The compound was isolated and identified as the 14-membered macrolide antifungal antibiotic rustmicin. Rustmicin was originally described by TAKATSU et al. as an inhibitor of the wheat stem rust fungus Puccinia graminis1) and was detected in a fermentation broth of Micromonospora chalcea 980-MC12). Shortly thereafter, galbonolide A was reported in the literature as a new antifungal macrolide produced by Streptomyces galbus3). The antifungal activity of galbonolide A was demonstrated against a battery of phytopathogenic fungi and was most effective against Botrytis cinerea. Galbonolide A was later found to be identical in structure to rustmicin.
Studies described by ACHENBACH et al.4) indicated that the antifungal action of rustmicin was not due to cell membrane destabilization, the inhibition of chitin biosynthesis or interference with DNA or RNA biosynthesis. The mode of action of rustmicin was unknown. Recently, it has been determined that rustmicin specifically inhibits sphingolipid biosynthesis in Candida albicans and is a potent fungicidal agent of the human pathogen Cryptococcus neoformans5). These novel findings on the Observations of growth and general cultural characteristics of MA7094, as well as the determination of carbon utilization pattern, were done according to the procedures described by SHIRLING and GOTTLEIB6). All polymerase chain reaction (PCR) banding patterns were generated and visualized using the procedures described by HIRSCH and SIGMUND for low resolution fingerprinting7). Primers used for low resolution PCR fingerprinting, T5A and T3B, were described by WELSH and MCCLELLAND8,9) and have extensive homology to tRNA genes. High resolution PCR fingerprinting was done using the Enterobacterial Repetitive Intergenic Consensus (ERIC) primer set, ERIC1 R and ERIC2, described by VERSALOVIC et al.10) and Louws et al.11) All primers were purchased from GENSET (La Jolla, CA, USA). Template DNA used in PCR was extracted minutes as described previously7). In some instances, template DNA was diluted in the range of 1:4 to 1:20 in order to optimize the high resolution banding patterns. Dilution can be used to decrease the concentration of inhibitors of the PCR reaction that may be present in the crude DNA extract. PCR fingerprint patterns were analyzed using the GelCompar software package from Applied Maths (Risquons-Toutstraat 38, B-8511 Kortrijk, Belgium). Fermentation A seed culture was produced by inoculating 50ml of aqueous nutrient medium in a 250ml triple baffled Erlenmeyer flask with 2ml of thawed frozen vegetative mycelia. The nutrient medium contained glucose 10g, soluble starch 20g, yeast extract 5g, N-Z amine A 5g, beef extract 3g, bacto-peptone 5g, and CaCO3 1g in 1 liter of deionized water. The pH of the medium was adjusted to 7.0 with NaOH prior to CaCO3 addition.
Analysis of Fermentation Samples
The amount of ammonia present in fermentation broth was determined by HPLC analysis of clarified broth using a HPLC-C54 column (Dionex Corp., USA). The column effluent was mixed with o-phthalaldehyde (Fluoraldehyde, Pierce Chemical Co., USA) and compounds possessing primary amino groups were derivatized and measured using a fluorescence detector.
The concentration of ammonia was calculated from a standard curve generated using NH4Cl.
Rustmicin production was determined using reverse phase HPLC12 
Medium Optimization Studies
The effect of dextrin and primary yeast concentration on the production of rustmicin by MA 7094 was studied by varying the amounts of dextrin or primary yeast in KHC production medium while maintaining the concentrations of the other medium components constant. After 5 days of incubation, pH and rustmicin levels were determined and the results are shown in Fig. 2A . Without the addition of dextrin or primary yeast to the production medium, no rustmicin was detected. Rustmicin production increased with increasing amounts of After five days of incubation, pH and rustmicin levels were determined. As shown in Fig. 2B , increasing the concentration of tomato paste in the production medium from 4g/liter to 30g/liter had an inverse effect on rustmicin production and produced a concomitant increase in medium pH. A maximum rustmicin titer of 36mg/liter was observed in medium containing 4g/liter tomato paste, with a corresponding pH of 5.4. Tomato paste appeared not to be essential for the production of rustmicin by MA 7094, since rustmicin was detected in medium containing no tomato paste. Low levels of tomato paste, however, did appear to stimulate rustmicin production by MA 7094 and may serve to lower the pH of the medium to a level where rustmicin is most stable. Attempts to buffer production medium at or below pH 6.0 with phosphate, CaCO3, PIPES or MES failed to increase the amount of rustmicin detected when compared to the amount detected in KHC medium without added buffers (data not shown).
The time course of rustmicin production by MA 7094 incubated in medium containing the optimized concentrations of dextrin, primary yeast, and tomato paste (OPT 14) is shown in Fig. 3 . Rustmicin production began at about 40 hours and reached a maximum titer of 38mg/liter at 140 hours of incubation. The pH of the medium at the start of rustmicin production was approximately 5.7, and it remained relatively constant throughout rustmicin production until 120 hours of incubation. After 120 hours, a dramatic increase in pH from 5.7 to 7.6 at 160 hours of incubation was observed, accompanied by a decline in the rustmicin titer. The increase in pH after 120 hours was observed to correlate with an increase in the concentration of ammonia detected in the fermentation, which reached a concentration of 2.2mM at 160 hours of incubation.
Effect of Antifoam Agents on Rustmicin Production
In preparation for scale-up of the fermentation, the effect of various antifoam agents on rustmicin production by MA 7094 incubated in OPT 14 medium for 5 days was studied. Table 1 shows that the addition of 0.05% (v/v) P-2000 to the production medium caused a 49% decrease in the amount of rustmicin detected. The inhibitory effect of 0.05% P-2000 on rustmicin production did not appear to be related to an increase in pH. Increasing the concentration of P-2000 above 0.05% resulted in further decreases in rustmicin production and a concomitant rise in pH of the medium. The addition of the antifoam agents Hodag FD-62, SAG-471, MAZU-DF201, SIGMA-A, SIGMA-C and SIGMA-204 did not cause a significant change in the amount of rustmicin detected in the fermentation, but when SIGMA-B or UCON-LB625 was added to the medium, an increase in rustmicin titer of 30% and 40%, respectively, was observed.
The stimulation of rustmicin production by UCON was investigated in more detail. An experiment was designed to test the effect of increasing amounts of UCON on rustmicin titer and pH in OPT 14 medium. These experiments were done using MA 7186, a UV generated mutant of MA 7094 discussed below which consistently produced 50% greater rustmicin titers than its parent using identical growth conditions (data not shown). The results are shown in Table 2 . Generally, significant increases in rustmicin titer were observed in UV Mutagenesis of MA 7094
During the course of the medium optimization studies, it was observed that rustmicin was rarely detected under conditions in which sporulation of the culture had occurred. Based on this observation, it was thought that a non-sporulating mutant of MA 7094 might produce higher rustmicin titers. To test this idea, over 250 UVgenerated mutants of MA 7094 were screened. One non-sporulating mutant, MA 7186, was found which produced rustmicin titers in OPT 14 medium which were 1.5 to 2-fold higher when compared to those produced by MA 7094. In OPT 14 medium supplemented with 0.4% UCON, MA 7186 was found to produce a maximum rustimicin titer that was 10-fold greater (145 closely with the amount of ammonia detected in the medium. Presumably the reduction of tomato paste in the medium directly or indirectly caused a corresponding reduction in the amount of ammonia detected in the fermentation, but the reason for this is not known. The change in ammonia level during the fermentation apparently was not due to carbon limitation since at least 2.5mM maltose was detected in the medium at 160 hours of incubation (data not shown). The dramatic effect of tomato paste on rustmicin production and medium pH indicated that pH was an important factor which influenced the amount of rustmicin detected in the fermentation. Studies showed that rustmicin was initially detected in the fermentation of MA 7094 when the pH of the medium dropped below 6.0 and that the titer declined rapidly when the pH rose above 6.0. A similar effect of pH on rustmicin titer was THE JOURNAL OF ANTIBIOTICS SEPT. 1998 observed in the fermentation of S. galbus3), and ACHENBACH et al. have shown that pure rustmicin is most stable at pH 5.5 and is extremely labile at pH levels above 6.04). Therefore, it is likely that the production of rustmicin by MA 7094 in OPT 14 medium may have continued beyond 120 hours of incubation, but was not observed due to its degradation. The speculation that increased titers of rustmicin may be obtained by pH maintenance at or below 6.0 for an extended period of time is supported by the observation that the rustmicin titer detected in OPT 14 medium supplemented with 0.4% or 0.5% UCON doubled between 5 and 6 days of incubation when the pH remained below 6.0, while the titer increased only slightly in unsupplemented medium during the same time interval when the pH increased from 5.8 to 6.4. After 7 days incubation, the pH of medium containing 0.4% UCON was 6.15 while that of medium without UCON added was 7.4 (data not shown). The mechanism by which UCON might maintain or contribute to the lowered pH detected in the fermentation of MA 7186 in OPT 14 medium is not known and requires further study.
